Context: Hepatic ischemia-reperfusion injury (HIRI) is a complex process observed during liver resection and transplantation. N-acetyl-L-tryptophan (L-NAT), an antagonist of neurokinin 1 receptor, has been used for the treatment of nausea and neurodegenerative diseases. Objective: This study investigates the protective effect of L-NAT against HIRI and explores the potential underlying mechanisms. Materials and methods: Adult male Sprague-Dawley (SD) rats were randomly divided into three groups: sham, I/R and I/R þ L-NAT. HIRI model was generated by clamping the hepatic artery, portal vein and common bile duct with a microvascular bulldog clamp for 45 min, and then removing the clamp and allowing reperfusion for 6 h. BRL cells were exposed to 200 mM H 2 O 2 with or without 10 mM L-NAT for 6 h. Results: After L-NAT intervention, the structure of hepatic lobules was intact, and no swelling was noted in the cells. Furthermore, cell viability was found to be significantly enhanced when compared with the controls (p < 0.05). The mRNA and protein expression levels of serine-threonine kinase 2 (RIP2) and interleukin-1b (IL-1b) were significantly increased in the I/R and H 2 O 2 groups when compared with the controls; however, these levels were significantly decreased after L-NAT intervention. Similarly, IL-1b activity and caspase-1 activity were significantly decreased in the H 2 O 2 group when compared with the controls, after L-NAT intervention. Conclusions: Our findings indicated that L-NAT may exert a hepatoprotective role in HIRI through inhibiting RIP2/caspase-1/IL-1b signaling pathway, which can provide evidence for L-NAT to be a potential effective drug against HIRI during clinical practice.
Introduction
Hepatic ischemia-reperfusion injury (HIRI) is a complex process that occurs during partial hepatectomy, liver transplants, and other medical conditions (Golen et al. 2013; Woolbright and Jaeschke 2015; Kalogeris et al. 2016) . It is currently believed that the essence of this process involves a neurogenic inflammatory response caused by the redelivery of blood circulation after organ ischemia. Thus, it is important to understand the mechanism by which these inflammatory reactions can be controlled in order to treat HIRI. Recent studies have demonstrated that Substance P (SP), an endogenous inflammatory medium, plays a key role in the neurogenic inflammatory response of many tissues and organs by combining with its specific receptor neurokinin 1 receptor (NK-1R) (Pint er et al. 2014; Corrigan et al. 2016; Vink et al. 2017) . A number of experimental studies have evaluated the role of NK-1R antagonists in neurogenic inflammatory response; however, its role in HIRI remains unclear. Increasing evidence has shown the involvement of serine-threonine kinase 2 (RIP2)/caspase-1/interleukin (IL)-1b signaling pathway in cell injury mediated by the neurogenic inflammatory reaction. Nonetheless, NK-1R antagonist has become the focus in recent studies on neurogenic inflammation. Knockout of the NK-1R gene or NK-1R antagonist can relieve the neurogenic inflammatory response induced by hypoxic-ischemic brain damage (HIBD) (Jiang et al. 2011; Yu 2013) , colitis (Reis et al. 2011) , arthritis (Lam and Ng 2010; Makino et al. 2012) , pancreatitis (Sakamoto et al. 2012 ) and respiratory inflammation (Yang et al. 2013) . Hence, based on the findings of these studies, we speculated that the NK-1R antagonist might inhibit neurogenic inflammatory reaction after HIRI by inhibiting the RIP2/caspase-1/IL-1b signaling pathway. Thus, we investigated the expression of SP and NK-1R during HIRI and the effects of N-acetyl-Ltryptophan (L-NAT) on RIP2/caspase-1/IL-1b during the oxidative damage of BRL cells induced by H 2 O 2 . These results may not only yield novel targets for therapeutic intervention in HIRI but also provide a new direction to explore its mechanisms.
Experimental Animal Center. Rats were randomly assigned to one of three groups: sham operation (sham) group, I/R group and I/R þ L-NAT group (n ¼ 6 per group). In the preliminary experiment, we found that 10 mg/kg L-NAT had less protective effect than 10 or 5 mg/kg L-NAT. Although the protective effects of 10 and 5 mg/kg were similar, we chose to use 5 mg/kg L-NAT in this experiment based on the principle of minimal use of clinical drugs. Sham group rats were subjected to the surgical procedures, but the clamp was not placed, and they were kept under anesthesia for an equivalent duration. L-NAT (5 mg/kg) or saline was administered i.p. 45 min before ischemia in the I/R þ L-NAT and I/R groups. The HIRI model was induced according to previous literature (Wang et al. 2017) . In preliminary experiments, we noted hepatic rope deformation, hepatocyte necrosis and massive neutrophil infiltration at 6 h post reperfusion, indicating that liver tissue damage was the most severe at that time, therefore rats were sacrificed 6 h after reperfusion. The Animal Ethics Committee of the University approved all working protocols.
Cell culture and treatment
The rat hepatocyte BRL cell line was purchased from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). The cells were divided into three groups: the control group, the H 2 O 2 group, and the H 2 O 2 þL-NAT group. The cell death model was established according to a previously described method (Huang et al. 2015) . In brief, cells were challenged with 200 mM H 2 O 2 with or without L-NAT for 18 h.
Cell viability assay
Cell viability was determined using CCK-8 colorimetric assay (7sea-Biotech, Shanghai, China). BRL cells were seeded in a 96-well plate at a density of 2 Â 10 8 /L. H 2 O 2 (200 lM) was used to induce oxidative injury. In short, cells of H 2 O 2 and H 2 O 2 þL-NAT groups were sowed in 96-well microplates overnight, then 100 lL CCK8/mL DMEM solution (5 mg/mL in PBS) (Logan, Utah, USA) was added. After 4 h of incubation in culture medium at 37 C under 5% CO 2 keep in a dark place. According to the product instructions, the OD (optical density) value at 450 nm was measured by a microplate reader. Three replicates were obtained from each group, and the mean was calculated. The cell viability was calculated using the following formula:
=the OD of control groupÞ Â 100%:
Histopathological examination
Perfused livers were fixed with 4% paraformaldehyde for 24 h and then embedded in paraffin. For the detection of liver necrosis and apoptosis, formalin-fixed liver tissue sections were stained with hematoxylin and eosin (H&E) for the evaluation of necrosis.
Immunohistochemistry
The cells were treated as previously described, fixed in 4% paraformaldehyde for 15 min, incubated in 0.3% Triton X-100-PBS for 10 min at room temperature and blocked with 5% goat serum for 30 min at 37 C. The cells were subsequently incubated with an anti-RIP2 (1:200, Santa Cruz) at 4 C overnight and incubated with FITC-conjugated secondary antibodies (1:150). These fluorescent slices were covered with mounting medium with DAPI and observed via confocal microscopy (Olympus FV500, Japan). The liver tissue of each group was fixed with 4% paraformaldehyde for 48 h, embedded in paraffin, and sliced (10 lm thick). Immunofluorescence staining of SP (1:200; Bioss, Beijing, bs-0065R) and NK1R (1:200; Bioss, Beijing, bs-0064R) was performed with routine methods. The reaction was followed by FITC-conjugated secondary antibodies (1:150) and covered with mounting medium with DAPI.
Western blotting analysis
After L-NAT treatment, the total protein was extracted from the BRL cells and the rat liver tissue using protein extraction buffer (RIPA Beyotime Biotechnology, Shanghai, China). The cells were washed twice with ice-cold PBS (pH 7.4) and RIPA buffer (Solarbio, Beijing, China). Proteins were subjected to SDS-PAGE with a 10% running gel and then transferred to a PVDF membrane. The samples were incubated with the following antibodies: anti-NF-jB (1:500, Bioss, Beijing, bs-0465R); anti-TLR-4 (1:500, Bioss, Beijing, bs-1021R); anti-RIP2 (1:500, Santa Cruz); and anti-GAPDH (1:2000, Proteintech, 10494-1-AP), respectively. The details for the analysis have been described previously (Huang et al. 2015) . Western blot images were analyzed using ImageJ software (National Institutes of Health, Bethesda, MD). GAPDH was used as the internal reference protein.
Quantitative real-time PCR (qRT-PCR)
Following the L-NAT treatment, TRIzol agentia (Life) was used to extract the total RNA of the BRL cells and the rat liver tissues according to the manufacturer's protocol, and the total RNA was reverse transcribed into cDNA using the Prime Script RT Master Mix (Takara, Japan) as instructed. Real-time PCR was executed using 5 mM of 2Â SYBR Green Master (Indianapolis, IN), 0.6 mL of each primer and 1 mL of cDNA sample and H 2 O to a final volume of 10 mL. PCR was performed as previously reported (Sakamoto et al. 2012) . In brief, the cDNA was pre-denatured at 94 C for 3 min, annealed at 60 C for 45 s, and amplified for 39 cycles; the total mRNA for each gene was standardized by GAPDH, and the relative levels were computed using the 2 ÀDDCT method as previously reported (Yu 2013) . The primer (Sangon Biotech, Shanghai, China) sequences are shown in Table 1 .
ELISA analysis
The levels of IL-1b in the culture medium were measured using rat ELISA kits (NeoBioscience, Shanghai, China) according to Table 1 . Nucleotide sequences of primers used for qRT-PCR.
Gene Sequence
0 the manufacturer's instructions. The plates were read at 450 nm using a microplate reader (Thermo, Shanghai, China).
Caspase-1 activity assay
Liver samples and BRL cells collected and rinsed with PBS, lysed in lysis buffer for 15 min on ice, then centrifuged at 20,000 g for 10 min at 4 C. Caspase-1 activity in the supernatant was assayed with commercially available kits (Beyotime Biotechnology, Shanghai, China), according to the manufacturer's instructions. All experiments were performed in triplicate.
Statistical analysis
All in vitro experiments were repeated three times, and the in vivo experiments were repeated five times. All data are presented as the mean ± SD values. The statistical analyses of the data were performed using a one-way analysis of variance (ANOVA) followed by the least significant difference (LSD) test with Statistical Package for the Social Sciences (SPSS, version 17.0) software. Furthermore, p < 0.05 were considered significant.
Results

L-NAT significantly alleviated H 2 O 2 -induced damage in BRL cells
The protective effect of L-NAT on H 2 O 2 -induced oxidative damage in BRL cells was investigated by CCK-8 staining. Cell viability was found enhanced with the increase in L-NAT concentration, reaching a peak of 10 lM and beginning its descent at 20 lM. The cell activity was lower than that in the normal group at 50 lM (0.69 ± 0.334 versus 0.401 ± 0.136, p < 0.05) (Figure 1 ).
L-NAT protects the liver against HIRI in vivo in the rat model
To investigate the effects of L-NAT on HIRI, L-NAT was injected via intraperitoneal injection at 10 mg/kg, 0.5 h before ischemia. The hepatocytes in the sham group were regularly arranged and presented with a normal structure with no damage or loss, whereas in the I/R group, the cells were disorderly arranged, swollen, and ruptured. L-NAT significantly attenuated the changes in the hepatocytes (Figure 2) .
Effects of L-NAT on RIP2 expression in vitro and in vivo
Research has shown that RIP2, a stress-induced upstream modulator of procaspase-1 apoptotic activation, may cause oligomeric activation of procaspase-1 (Manon et al. 2007 ). Therefore, to study the underlying mechanism by which L-NAT exerts its hepatoprotective effect, we used both the H 2 O 2 -triggered BRL cell injury model and the rat HIRI model to detect the expression of RIP2.
In vitro, the immunofluorescent expression levels of RIP2, caspase-1 and IL-1b were significantly increased in the H 2 O 2 group when compared with the control group (p < 0.05; Figure  3(C)a-c) . However, the expression levels of RIP2, caspase-1 and IL-1b were significantly reduced following L-NAT administration when compared with the H 2 O 2 group (p < 0.05; Figure 3(D-F) ). qRT-PCR results revealed a dramatic increase in the mRNA expression levels of RIP2 in the H 2 O 2 group when compared with the control group (p < 0.05; Figure 3(A) ). However, treatment with L-NAT (10 lM) significantly reduced RIP2 expression levels when compared to those in the H 2 O 2 group. Similarly, western blot analysis also showed a significant increase in the protein expression levels of RIP2 in the H 2 O 2 group (p < 0.05; Figure 3 (B,C)) relative to the controls. In contrast, treatment with L-NAT (10 lM) significantly reduced RIP2 levels when compared with the H 2 O 2 group (p < 0.05; Figure 3(B) ). Thus, the above results indicate that L-NAT protected H 2 O 2 -induced injury by inhibiting the relative expression levels of RIP2.
In vivo, after L-NAT (10 mg/kg) was used, RIP2, caspase-1, and IL-1b levels in the liver tissues of rats were detected via immunofluorescence staining. The results showed that the expression levels of RIP2, caspase-1 and IL-1b were higher in the I/R group when compared with the sham group (Figure 3(F) ). Both qRT-PCR and western blot analyses showed significant increases in RIP2 expression levels at the mRNA and protein levels, respectively, in the I/R group (Figure 3(D,E) ) when compared with the sham group. However, treatment with L-NAT (100 mg/kg body weight) reduced the expression levels ( Figure  3(D-F) ) suggesting that RIP2 may be involved in the hepatoprotective effect of L-NAT after HIRI. 
Effect of L-NAT on caspase-1 expression in vitro and in vivo
To evaluate further the protective role of L-NAT, caspase-1 activity was assessed using the enzyme cleavage assay in vitro and in vivo. Caspase-1 activity in the BRL cells was higher in the H 2 O 2 group when compared with the control group (p < 0.05; Figure  4 (A)). Furthermore, a significant reduction in caspase-1 activity was noted following treatment with L-NAT when compared to that in the H 2 O 2 group (p < 0.05; Figure 4 (A)). A similar trend was observed in vivo, caspase-1 activity in the liver tissues was significantly increased in the I/R group when compared with the sham group (p < 0.05; Figure 4(B) ). However, treatment with L-NAT (10 mg/kg) resulted in a significant decrease in caspase-1 activity (p < 0.05; Figure 4 (B)), indicating that L-NAT could reduce caspase-1 activity after HIRI.
Effects of L-NAT on IL-1b expression in vitro and in vivo
ELISA was used to investigate the concentration of IL-1b in the culture medium. As shown in Figure 4 (C), the BRL cells subjected to H 2 O 2 (200 lM) showed a dramatic increase in IL-1b levels when compared with the control group (p < 0.05). L-NAT (10 lM) treatment resulted in a significant decrease in IL-1b expression levels when compared with the H 2 O 2 group (p < 0.05). Likewise, IL-1b expression levels were significantly increased in the I/R group in vivo when compared with the controls, and decreased in the L-NAT group relative to the H 2 O 2 group (p < 0.05; Figure 4(D) ). To sum up, this study demonstrates that L-NAT could inhibit the expression and secretion of IL-1b induced by HIRI.
Discussion
In this study, we used both in vivo (rat HIRI) and in vitro (H 2 O 2 -induced BRL cells and oxidatively damaged cells) models to study the effect of L-NAT on HIRI. L-NAT administration was proved to be a simple and effective means to minimize HIRI in the rats. More importantly, the data showed that L-NAT alleviates HIRI by affecting the activity of the RIP2/caspase-1/IL-1b signaling pathway. HIRI, a condition that seriously affects postoperative recovery, has become an urgent clinical problem owing to the increase in the frequency of transplantations and resection surgical procedures in recent years. Direct injury induced by ischemia-hypoxia causes the damaged hepatocytes to release damage-associated molecular patterns (DAMPs), which become active in response to molecular stimuli. The DAMPs activate hepatocytes and pattern recognition receptors on nonparenchymal surfaces, initiating local or systemic immune responses and mediating further injury (Maharana et al. 2014) . Thus, natural recognition receptors and their signaling pathways play a key role in HIRI. All toll-like receptors (TLRs) and NODs are pattern recognition receptors that recognize the extracellular risk signals outside the cell and extracellular risk signals inside the cell, respectively. Additional research has shown that the inflammatory response induced by both TLRs and NODs can accelerate the nuclear translocation of NF-jB through IKKc. Taken together, the two signaling pathways directly join at IKKc; RIP2, the upstream molecule of IKKc, is a common downstream molecule of the TLRs and NODs signaling pathways (Manon et al. 2007; Kersse et al. 2011; Fridh and Rittinger 2012; Cai et al. 2013; Jeong et al. 2013; Heymann et al. 2014) . The RIP2 protein can interact with CARD-CARD in the CARD region of the NOD protein. After binding to NOD, RIP2 interacts with IKKc, the regulatory subunit of the inhibitory jB kinase, which activates the NF-jB pathway to promote the expression of a series of pro-inflammatory cytokines such as TNF-a, IL-1, IL-6 and ICAM-1. Furthermore, caspase-1 plays a key role in the inflammatory pathways by processing pro-IL-1b into the active cytokine, mature. In particular, the processing of procaspase-1 to IL1b is accelerated by the association of the zymogen with RIP2. Based on these facts, we speculated that the RIP2/caspase-1/IL1b signaling might play a role in the inflammatory response induced by HIRI. Kersse et al. (2011) reported that the RIP2/caspase-1 axis plays an important role in cell death in lethally challenged cerebral ischemia-reperfusion injury, Huntington's disease, cerebral cortical neurons, the striatum, NSC-34 cells, ST14A cells and HeLa cells induced by H 2 O 2 , OGD, TNF-a/CHX, and other noxious, which is aggravated by the overexpression and ameliorated by the down expression of RIP2 and caspase-1. However, the changes in the RIP2 signaling pathway in HIRI have not been reported so far. In the current study, the expression levels of pro-inflammatory factors such as RIP2 were dramatically decreased after the development of HIRI, suggesting that L-NAT protects the liver by inhibiting the expression of RIP2. Research has shown that RIP2 and procaspase-1 interact via their homologous caspase recruitment domains (also referred to as CARDIAK and RICK), which cause oligomeric activation of procaspase-1 to from mature caspase-1 (Fridh and Rittinger 2012; Szabo and Petrasek 2015) . The latter could further cleave pro-IL1b into mature IL-1b, which is an important cytokine that promotes inflammatory injury during hepatic I/R. The activation of the caspase-1/IL-1b pathway promoted high mobility group box-1 protein induction to facilitate a TLR4-dependent inflammatory phenotype leading to I/R hepatocellular damage. IL-1b has been shown to stimulate NF-jB activation, hepatic neutrophil accumulation, and the production of pro-inflammatory cytokines (Grady et al. 2000; Tsung et al. 2005) . Consistent with the results of another study (Jiang et al. 2014) , our data confirmed that the anti-inflammatory effects were partly due to the inhibition of the mRNA and protein expressions of the pro-inflammatory cytokine IL-1b. The role of SP-mediated neurogenic inflammation in liver disease has also been reported. Bang et al. ( , 2004 discovered through a series of findings that various types of liver cells can express NK-1R, and that exogenous SP can promote hepatocyte damage. Furthermore, NK1R knockout or NK1R antagonists could reduce acute hepatic injury induced by CD95 and TNF-a. L-NAT, as an antagonist of NK-1R, has been approved by the FDA for the treatment of nausea, vomiting, shock and neurodegenerative diseases. It has been reported that the levels of SP and NK-1R were upregulated in patients and animal models of pancreatitis, arthritis, bronchial asthma, rheumatism, colitis and other inflammatory lesions. However, the role of SP/NK-1R in HIRI, and whether NK1R antagonists could ameliorate the extent of hepatocyte injury have not been reported so far. Interestingly, treatment with L-NAT improved viability and survival of BRL cells in the current study and attenuated the inflammatory response by down-regulating RIP2/caspase-1/IL-1b signaling both in vitro and in vivo. Therefore, we believe that the protective effects of L-NAT on hepatocytes might be mediated, at least in part, by the RIP2/caspase-1/IL-1b signaling pathway.
The main limitation of this study is that we did not knockout or block the RIP2 gene in the BRL cells or rats. Therefore, we could provide more direct evidence that the protective effect of L-NAT against HIRI is RIP2-mediated. However, we intend to explore this in future experiments and investigate the detailed mechanism of L-NAT protection.
Conclusions
In this study, alterations in the SP/NK-1R system were investigated in an in vivo HIRI model, while the influence of L-NAT on hepatic function, inflammation, and activation of the RIP2/caspase-1/IL-1b signaling pathway was investigated in an in vitro H 2 O 2 -induced hepatocyte injury model. L-NAT lowered the relative gene expression levels of RIP2, TLR4 and NF-jB, and decreased caspase-1 and IL-1b activation, thereby implying that L-NAT alleviates HIRI by affecting the RIP2/caspase-1/IL-1b signaling pathway. Our findings indicated that L-NAT may exert a hepatoprotective role in HIRI through inhibiting RIP2/caspase-1/IL-1b signaling pathway, which can be a potential effective drug against HIRI during clinical practice.
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